been successfully used in mammalian models.
Figure 1. Targeting SpH to Olfactory Sensory Neurons (A) Diagram of the OMP targeting vector (1).
The coding sequence for superecliptic synapto-pHluorin (green box; spH) replaces the OMP coding sequence (blue box, OMP) shown in the wild-type locus (2). The autoexcising neomycin selectable marker (gray box, neo) is flanked by loxP sites (red arrowheads). Following homologous recombination and passage through the germline, the selectable cassette is removed, leaving the spH coding sequence followed by a single loxP site (3). Black box indicates the probe used to screen for homologous recombinants. Relevant restriction sites are shown (RI, EcoRI; X, XhoI; S, SphI). (B) Whole-mount view of the left and right dorsal olfactory bulbs from a homozygous OMP-spH mouse using confocal fluorescence microscopy. SpH labels glomeruli (round structures) and axon bundles which cover the surface of the bulbs. Anterior (ant) and lateral (lat) are indicated. (C) Section through the olfactory bulb from a homozygous OMP-spH mouse showing preferential labeling in the glomerular layer (GL) and less intense labeling of the overlying olfactory nerve layer (ONL). The section is counterstained with the nuclear dye TOTO-3 (red). Scale bar, 400 m in (B); 100 m in (C).
cific patterns of glomeruli that correspond to glomeruli in glomerular size or differences in the fraction of spH on the plasma membrane but instead may reflect variaexhibiting presynaptic calcium influx. SpH expression and odorant-evoked signals were stable, permitting tion in OMP expression across OSN populations. chronic imaging of neuronal activity. Finally, we exploited the fidelity and spatial resolution of the spH sigSpH Signals Report OSN Input to Olfactory Bulb Glomeruli nal to investigate relationships between spatial patterns of glomerular activity and odorant chemical structure.
SpH-labeled glomeruli on the dorsal surface of the olfactory bulb are visible through thinned bone in vivo ( Figure  2A ). We measured odorant-evoked optical signals from Results the dorsal bulb in 28 OMP-spH mice using methods established for imaging calcium-sensitive dye signals Targeted Expression of SpH By gene targeting in embryonic stem cells, we created from glomeruli (Wachowiak and Cohen, 2001 ). In all mice, odorants elicited focal increases in fluorescence a mouse strain in which spH is expressed from the locus encoding the olfactory marker protein (OMP) ( Figure 1A ).
( Figures 2B and 2D ). We detected no focal fluorescence decreases nor did we detect fluorescence changes in OMP is selectively and highly expressed in mature OSNs, and this locus has been used previously to exthe absence of odorant stimulation (except photobleaching, see below). Discrete foci in the response press histological markers such as tau-lacZ (Mombaerts et al., 1996) and GFP (Potter et al., 2001 ). In OMP-synmaps were often associated with glomeruli discernable in the resting fluorescence images ( Figures 2E and 2F ). apto-pHluorin (OMP-spH) mice, green fluorescence is seen in glomeruli of the olfactory bulb, with less-intense
The diameter of the signal foci (93.1 Ϯ 2.9 m, n ϭ 52 glomeruli) was indistinguishable from that of individual fluorescence in the superficial nerve layer containing the axons of OSNs ( Figures 1B and 1C ). This distribution glomeruli measured from whole-mount confocal images (93.5 Ϯ 2.2 m, n ϭ 104 glomeruli; t test, df ϭ 154, p ϭ is consistent with enrichment of spH in presynaptic terminals. While spH within the lumen of synaptic vesicles 0.35). Thus, focal spH signals reflect the activation of individual glomeruli. The resolution of spH response patis practically nonfluorescent (Miesenbö ck et al., 1998), fluorescence in the absence of stimulus-induced activity terns was such that profiles of adjacent activated glomeruli were visible and distinct ( Figures 2E and 2F ). (resting fluorescence) is consistent with previous studies showing a small ‫)%01ف(‬ but highly fluorescent fracThe odorant-evoked spH signal was superimposed on a continuous, exponentially decaying fluorescence tion of spH protein localized to the plasma membrane . Resting fluorescence decrease resulting from photobleaching (mean time constant, 3.1 Ϯ 0.3 s, n ϭ 7 preparations) ( Figure 2G ). may also reflect spontaneous activity of OSNs.
In OMP-spH mice, all glomeruli appear labeled but Typical 10 s trials caused a decrease in the average resting fluorescence of 6.6% Ϯ 0.2% (n ϭ 7; from nowith variable intensity ( Figure 1B) . Fluorescence intensity did not correlate with glomerular area measured in odor trials). We corrected for photobleaching in stimulus trials by subtracting a no-odor trial before further analyunfixed whole mounts using confocal microscopy (r ϭ 0.05, df ϭ 102, p ϭ 0.63, one mouse). The variability sis ( Figures 2G and 2H) . Surprisingly, resting fluorescence levels recovered spontaneously and rapidly from persisted in pH-neutralized preparations (data not shown). This variability is unlikely to result from variation bleaching, such that a 90 s recovery period was suffi- We found no relationship between resting fluorescence and the maximal (i.e., saturating) spH response amplitude (r ϭ 0.13, df ϭ 27, p Ͼ 0.5; 27 glomeruli from Figures  5E and 5F ). This decrease was independent of the time potentially permits repeated measurements in the same subject over long time periods. We compared odorant window used to measure signal amplitude (data not shown) and was also observed after background subresponse maps from three OMP-spH mice repeatedly imaged over periods ranging from 24 hr to 7 days. Both traction to correct for potential intrinsic signals. Thus, the relationship between concentration and OSN input resting fluorescence and response maps for different odorants were consistent across imaging sessions (Figto glomeruli could We failed to observe any systematic progression of the locations of maximally sensitive glomeruli across a homologous series. While longer chain length odorants (C6-C8) tended to activate more anterior glomeruli, these odorants also activated more caudal and lateral glomeruli (Figures 8A and 8B) . Overlays of the most sensitive aldehyde-responsive glomeruli mapped across preparations (see Experimental Procedures) revealed scattered distributions whose centroids did not shift systematically with carbon chain length ( Figure 8D ). This observation was true for both aldehydes and acids.
We also mapped responses to aldehydes presented at a fixed dilution of saturated vapor, a strategy used in recent intrinsic imaging studies (Uchida et al., 2000 ; Belluscio and Katz, 2001). Because vapor pressure decreases with increasing chain length, constant vapor dilutions produce molar concentrations that vary over two orders of magnitude across the homologous series. This concentration change could itself produce spatially distinct response patterns (e.g., Figure 5 ). For 1% dilutions of the aldehyde series, activated glomeruli were scattered across much of the dorsal bulb ( Figure 8C ). The region showing the highest density of activated glomeruli appeared to move anterior with increasing carbon chain length (Figure 8E ), yet the centroid of the distribution of these glomeruli moved only slightly (Ͻ400 m) anterior. Thus, the concentration dependence of OSN input to glomeruli may partially account for shifts 
response patterns at 24 hr (E) and 7 days (F). Grid overlays register
Our experiments characterize the use of a particular the images. genetically encoded probe, synapto-pHluorin (Miesenbö ck et al., 1998), which reports presynaptic vesicle fusion and transmitter release, to measure neuronal acresponse patterns to a homologous series of aliphatic tivity in living mice. When expressed in OSNs, spH gave aldehydes with carbon chain lengths ranging from 4 to 8 rise to odorant-evoked fluorescence increases that were and a series of aliphatic acids with chain lengths ranging localized to afferent presynaptic terminals in glomeruli from 3 to 7. We used two strategies. First, we mapped of the olfactory bulb. SpH signals were easily detected the most sensitive glomeruli by presenting odorants at in living mice and corresponded to independent meanear-threshold concentrations (Figures 8A and 8B) . surements of calcium influx into OSN presynaptic termiMapping was performed in four bulbs from three mice nals. The signal amplitudes and signal-to-noise ratios for the aldehydes and three bulbs from three mice for were comparable to those exhibited by conventional the acids. Near-threshold concentrations evoked strong calcium-sensitive dyes imaged under the same condispH signals in two to ten glomeruli ( SpH as a Reporter of Neuronal Activity OMP-driven expression of spH in OSNs may provide a glomeruli were more broadly tuned (rightmost panels in Figures 8A-8C ). For both aldehydes and acids, the most near-ideal situation for imaging neuronal activity in vivo: thousands of functionally similar afferents converge sensitive glomeruli were more broadly distributed with increasing carbon chain length, as has been reported onto an anatomically defined unit (a glomerulus), and . We also found that odorant concentration be encountered when imaging from awake behaving animals or during two-photon or confocal microscopy.
can alter glomerular activation patterns such that mapping a homologous series is confounded by vapor presIn addition, the integrative nature of the spH signal should facilitate the detection of low levels of activity by sure changes associated with carbon chain length. A more speculative explanation is that the intrinsic and examining responses to prolonged or repeated stimulus presentations. We have demonstrated that presenting 2-deoxyglucose signals primarily reflect postsynaptic activity and that finely organized chemotopy is an emerodorants for long periods and measuring the integrated spH response can be used to enhance detection of small gent property of postsynaptic processing. Clearly, a more extensive mapping of glomerular resignals in weakly activated glomeruli.
While spH is clearly capable of reporting graded responses to related odorants is necessary to fully understand odorant representations at the level of olfactory sponses, the precision with which the signal reports neuronal activity remains unclear. We found that the bulb input. The fidelity with which OSN input to single glomeruli can be mapped using spH should be useful magnitude of the spH and presynaptic calcium signals were only moderately correlated. This lack of correlation in addressing this issue. sensitive and more consistent using the artificial sniff.
Experimental Procedures Chronic Imaging
The bone overlying the dorsal bulbs was thinned and the surface Gene Targeting ral window. In some cases, signal amplitudes relative to the adjacent background were measured by taking the height of the Gaussian Imaging was performed in heterozygous (n ϭ 23) and homozygous (n ϭ 5) OMP-spH mice and in 129/B6 mixed-background mice (n ϭ fit to the glomerular signal intensity profile (see above). Strongly activated glomeruli were identified by visual inspection while weakly 3), 4-20 weeks of age. Although OMP-spH homozygous mice lack OMP, no obvious differences were observed in the sensitivity or time activated glomeruli were chosen or rejected as described in Wachowiak and Cohen (2001). Briefly, signal foci were fitted to a course of the odorant-evoked responses between heterozygous and homozygous mice. All data analyzed and displayed are from Gaussian and counted only if their half-width was within 2 SD of the mean measured from 52 test glomeruli, and their amplitude heterozygous mice. Of these, 14 were F1 progeny of crosses to a strain in which the M72 odorant receptor gene is tagged with a was Ͼ8 times the root-mean-square spatial noise measured from adjacent nonactivated areas. fluorescent reporter (data not shown).
In vivo imaging was performed in pentobarbital-anesthetized S/N ratios were calculated by dividing the absolute response amplitude from an activated glomerulus by the root-mean-square noise mice, as described previously (Wachowiak and Cohen, 2001 ). The olfactory bulbs were imaged through thinned bone using an Olymmeasured from the same pixels over the length of a nonstimulus trial. Blank trials were high-pass filtered at 0.5 Hz before the noise pus BX51WI microscope and epifluorescence condenser, with 4ϫ (0.28 NA), 10ϫ (0.3 NA), or 20ϫ (0.95 NA) Olympus objectives. Illumimeasurements to avoid contributions of photobleaching. All S/N measurements were made from single trials. nation was provided by a 150W Xenon arc lamp (Opti-Quip, New York) attenuated with a 25% ND filter. Filter sets were as follows:
Resting fluorescence was calculated from the average fluorescence during the first five frames of illumination. For photobleaching spH and Alexa Fluor 488, HQ480/40 (exciter), Q505LP (dichroic), HQ535/50 (emitter); rhod dextran, D540/25 (exciter), 555 DCLP (dianalysis, resting fluorescence was averaged across the entire dorsal bulb, which was illuminated with a 10ϫ, 0.3 NA immersion objective chroic), D620/60 (emitter). Optical signals were recorded using a
